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m Implementation strategy for languages with control effects: CPS conversion
m Based on:

Subtyping Delimited Continuations [Materzok and Biernacki 2011]
Representing Control [Danvy and Filinski 1992]
Abstracting Control [Danvy and Filinski 1990]

m Functional Pearl: parts fit perfectly
m Dependently typed (ldris): we index types of statements by a list of control effects

m Start with examples
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Fail

fail = shift0 (Ak = do

pure "no")
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Flip

flip : Stm (r :: rs) Bool

flip = shift0 (Ak = do
resume k True
resume k False)
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Emit

emit : a — Stm (List a:: rs) ()
emit a = shift0 (Ak = do
as <— resume k ()

pure (a :: as))
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Emit

emit 1 a — Stm (List a :: rs) ()
emit a = shift0 (Ak = do
as < resume k ()

pure(a :: as))
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Emit Triples

emit Triples : Stm (String :: List (Int, Int, Int) :: rs) String
emitTriples = do

res < triple 9 15

lift (emit res)

pure "done"

emitted Triples : Stm [] (List (Int, Int, Int))
emitted Triples = reset0 (resetO emit Triples > pure ﬂ)
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Generated Code for Emitted Triples

(let f0 n = (AkI = (Ak2 =
(if (n<1)
then k2 "no"
else 10 (n — 1) kI (Ax4 = kI n k2))))in f0) 9 (Ax0 = (Ak3 =
(let 2 n= (kI = (Ak2 =
(if (n<1)
then k2 "no"
else 22 (n— 1) kI (Ax6 = k1 n k2))))in f2) (x0 — 1) (AxI = (A\k4 =
(let f4 n= (\kI = (Ak2 =
(if (n<1)
then k2 "no"
else 4 (n— 1) kI (Ax8 = k1 n k2))))in f4) (xI — 1) (Ax2 = (\k5 =
(if ((x0 + (xI +x2)) = 15)
then ((x0, xI,x2) :: (k5 "done"))
else k5 "no"))) k4)) k3)) (Ax0 = [])
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Basics: Continuation Passing Style

Cps : Type — Type — Type
Cpsra=(a—r)—r
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Basics: Continuation Monad

Cps: Type — Type — Type
Cpsra=(a—r)—r
pure:a — Cpsr a
purea= Ak = k a
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Cps: Type — Type — Type
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purea= Ak = k a
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Basics: Continuation Monad

Cps: Type — Type — Type
Cpsra=(a—r)—r

pure:a — Cpsr a

purea= Ak = k a
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pushf k=Xa=f ak
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bind m f = Ak = m (push f k)
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Representing Control: Target Language

data Exp: Type — Type where
Lam : (Exp a — Exp b) — Exp (a — b)
App: Exp (a — b) — Exp a — Exp b
Add : Exp Int — Exp Int — Exp Int
Lit0 : Exp Int
Litl : Exp Int
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Representing Control: Target Language

data - : Type — Type where
(a—b)—=a—b
ta—+b—a—b

cInt — Int — Int

: Int

: Int

=10 |4 |® >
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Representing Control: Operators (before staging)

Cps: Type — Type — Type
Cpsra=(a—r)—r

shift0: ((a - r) = r) = Cpsr a

shift0 = id
run0:Cpsra—(a—r)—r
run0 = id

resetO: Cpsrr—r
reset0 m = run0 mid
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Representing Control: Operators (after staging)

Cps : Type — Type — Type
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shift0: ((2a — r) = r) = Cps r a

shift0 = id
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reset0 m = run0 mid
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Representing Control: Monad (before staging)

Cps: Type — Type — Type
Cpsra=(a—r)—r

pure:a — Cpsr a

purea= Ak = k a

push: (@ —= Cpsrb)— (b—r)—(a—r)
pushf k=Xa="fak

bind: Cpsra— (a— Cpsrb)— Cpsrb
bind m f = Ak = m (push f k)
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Representing Control: Monad (after staging)

Cps : Type — Type — Type
Cpsra=(a—r)—r

pure:a — Cps r a

purea= Ak = k a

push: (2 — Cpsrb) = (b—r)— (2 — r)
pushf k=Xa="fak

bind: Cpsra— (a2 — Cpsrb) — Cpsrb
bind m f = Ak = m (push f k)
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Representing Control: Reify and Reflect

reify :Cpsra— Cpsra

reflect: Cpsra — Cpsra
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Representing Control: Reify and Reflect

reify : Cps ra — Cps r a
reify m= A Ak = m(Aa= k Q a)

reflect : Cps ra— Cpsr a
reflect m= Ak = m Q@ (A \a = k a)
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Abstracting Control: CPS Hierarchy

Cps : Type — Type — Type
Cpsra=(a—r)—r

Cpsra
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Abstracting Control: CPS Hierarchy

Cps : Type — Type — Type
Cpsra=(a—r)—r

Cpsra
Cps (Cpsraq)a
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Abstracting Control: CPS Hierarchy

Cps : Type — Type — Type
Cpsra=(a—r)—r

Cpsra
Cps (Cpsraq)a
Cps (Cps (Cps r g) p) a
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Abstracting Control: Effectful Statements

Cps : Type — Type — Type
Cpsra=(a—r)—r

Stm : List Type — Type — Type
Stm [| a=a
Stm (r:rs)a=Cps(Stmrsr)a

Stm [p, g, r] a= Cps (Cps (Cps r q) p) a
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Abstracting Control: Operators (before abstraction)

Cps: Type — Type — Type
Cpsra=(a—r)—r

shiftO: ((a—r) —r) > Cpsra

shift0 = id
run0:Cpsra—(a—r)—=r
run0 = id

resetQ: Cpsrr —r
reset0 m = run0 m id
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Abstracting Control: Operators (after abstraction)

Stm : List Type — Type — Type
Stm [| a=a
Stm (r::rs) a= Cps (Stm rsr) a

shift0 : ((a — Stm rs r) — Stm rs r) — Stm (r :: rs) a

shift0 = id
run0 : Stm (r::rs) a— (a — Stm rs r) — Stm rs r
run0 = id

reset0 : Stm (a::rs) a — Stm rs a
reset0 m = run0 m pure
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Abstracting Control: Monad (before abstraction)

Cps: Type — Type — Type
Cpsra=(a—r)—r

pure:a — Cpsr a
purea= A k= k a

push:(a— Cpsrb) = (b—r)—(a—r)
pushf k=Xa="f ak

bind: Cpsra— (a— Cpsrb)— Cpsrb
bind m f = Ak = m (push f k)
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Abstracting Control: Monad (after abstraction)

Stm : List Type — Type — Type
Stm [| a=a

Stm (r::rs) a= Cps (Stm rsr) a
pure:a — Stm rs a

pure,... a= Ak =k a

push : (a — Stm (r::rs) b) — (b — Stm rs r) — (a — Stm rs r)
pushf k=Xa="f ak

bind : Stm rs a — (a — Stm rs b) — Stm rs b
bind,..,s m f = Ak = m (push f k)
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Abstracting Control: Monad (after abstraction)

Stm : List Type — Type — Type
Stm [| a=a

Stm (r::rs) a= Cps (Stm rsr) a
pure:a — Stm rs a

pure,... a= Ak =k a

purep a=a

push : (a = Stm (r::rs) b) = (b — Stm rs r) — (a — Stm rs r)
pushf k=Xa="fak

bind : Stm rs a — (a — Stm rs b) — Stm rs b
bind,..,s m f = Ak = m (push f k)
bindy mf=fm
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Abstracting Control: Lifting

lift : Stm rs a — Stm (r 2 rs) a
lift = bind
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Abstracting Control: Lifting

lift : Stm rs @ — Stm (r::rs) a

lift = bind

shiftOp : ((a — Stm rs r) — Stm rs r) — Stm (r :: rs) a

shiftQy = shift0

shiftO; : ((a — Stm rs r) — Stm rs r) — Stm (g r::rs) a
shift0; = lift o shift0

shiftOy: ((a — Stm rs r) — Stm rs r) — Stm (p:: g r:rs) a
shift0, = lift o lift o shift0
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Representing Abstracted Control: Operators

Stm : List Type — Type — Type
Stm [|] a=a
Stm (r::rs) a= Cps (Stm rs r) a

shift0 : ((a — Stm rs r) — Stm rs r) — Stm (r :: rs) a

shift0 = id
run0 : Stm (r::rs) a— (a — Stm rs r) — Stm rs r
run0 = id

reset0 : Stm (a::rs) a — Stm rs a
reset0 m = run0 m pure
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Representing Abstracted Control: Operators

Stm : List Type — Type — Type
Stm []a=a
Stm (r::rs)a=Cps (Stmrsr) a

shift0: ((a — Stm rs r) — Stm rs r) — Stm (r :: rs) a

shift0 = id
run0 : Stm (r::rs) a — (a — Stm rs r) — Stm rs r
run0 = id

reset0 : Stm (a::rs) a — Stm rs a
reset0 m = run0 m pure
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Representing Abstracted Control: Monad

Stm : List Type — Type — Type
Stm [|] a=a

Stm (r::rs) a= Cps (Stm rs r) a
pure:a — Stm rs a

pure,...a= Ak = k a

purep a=a

push: (a — Stm (r::rs) b) — (b — Stm rs r) — (a — Stm rs r)
pushf k=MXa="f ak

bind : Stm rs a — (a — Stm rs b) — Stm rs b
bind,..,s m f = Ak = m (push f k)
bindy mf=fFfm
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Representing Abstracted Control: Monad

Stm : List Type — Type — Type
Stm []a= 2

Stm (r::rs)a=Cps (Stmrsr) a
pure: 2 — Stm rs a
a=Mk=ka

pure[] a=a

purel’ZZI’S

push : (a — Stm (r::rs) b) — (b — Stm rs r) — (a — Stm rs r)
pushf k=MXa="f ak

bind : Stm rs 2 — (2 — Stm rs b) — Stm rs b
bind,..,s m f = Ak = m (push f k)
bindy mf=fm

61 | Philipp Schuster (© 2018 Universitit Tiibingen



EBERHARD KARLS

UNIVERSITAT
TUBINGEN

Staged Statements: Reify and Reflect

mutual
reify : Stm rs a — Stm rs a

reflect : St rs a — Stm rs a
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Staged Statements: Reify and Reflect

mutual
reify : Stm rs a — St rs a
reifyp  m=m
reify ..s M= A Ak = reify (m (Aa = reflect (k @ a)))

reflect : St rs 2 — Stm rs a
reflecty m=m
reflectg.qs m = Ak = reflect (m @ (A A\a = reify (k a)))
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